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(mtDNA), inhibition of mitochondrial protein synthesis, defects in the oxidative phosphorylation (OxPhos) system complexes, depressed ATP synthesis, and enhanced susceptibility of hepatocytes to hypoxic and apoptotic stimuli implicate the mitochondrion as a "central hub" in the pathobiology of alcoholic liver disease (35) . Alcohol-dependent defects in mitochondrial function are proposed to contribute to the initiation of liver disease through increased oxidative/nitrative stress and bioenergetic deficiency leading to hepatocyte cell death, which is now considered to be a critical event responsible for the progression of steatosis to steatohepatitis (27) .
Even though the events responsible for chronic alcoholmediated mitochondrial dysfunction have been extensively studied, the impact of alcohol consumption on the global content of liver mitochondrial proteins, "the mitochondrial proteome," has only recently been investigated. Early studies by Coleman and Cunningham (16) showed that alcohol consumption for 5-6 wk in rats decreased the synthesis of the 13 mitochondrial-encoded proteins that comprise OxPhos complexes I, III, IV, and V. Our laboratories have extended these studies to examine alcohol-dependent changes in nuclear encoded proteins that comprise the OxPhos complexes and other mitochondrial proteins (61) . This is an important avenue of investigation because it is estimated that there are at least 600ϩ proteins that comprise the mitochondrial proteome (44) . Furthermore, it is known that toxicant-mediated alterations to the mitochondrial proteome negatively impact organelle function (3, 64) . Therefore, studies aimed at determining alcohol-mediated alterations to the mitochondrial proteome represent an appealing approach to interrogate molecular events responsible for alcohol toxicity and will aid in development of new therapies for prevention and treatment of alcoholic liver disease. Clearly, this last point is important because there are no FDA-approved therapies for the treatment of alcoholic liver disease.
Methionine metabolism is disrupted in alcohol-and other toxicant-related liver diseases, resulting in decreased hepatic levels of S-adenosylmethionine (SAM), the primary methyl donor for biological reactions and a key intermediate for both glutathione and polyamine synthesis (38) . Depletion of hepatic SAM is associated with oxidative stress, mitochondrial glutathione (GSH) reduction, and DNA damage (40, 48) . Consequently, SAM supplementation protects against alcohol hepatotoxicity in animal models (32) and improved outcomes in a clinical trial (39) . Emerging evidence from several laboratories indicates that SAM hepatoprotection may be mediated through effects on the mitochondrion. Early studies reported that SAM supplementation during chronic alcohol exposure maintained mitochondrial GSH transport and levels (23) . Mitochondria isolated from liver of mice lacking methionine adenosyltransferase 1, the rate-limiting enzyme for SAM synthesis, have decreased cytochrome c oxidase subunits and reduced membrane potential (54) . More recently, Cahill and colleagues (59) have shown that SAM prevents alcohol-dependent defects in mitochondrial ribosomes with our laboratory showing (8) that SAM prevents alcohol-dependent increases in mitochondrial superoxide production and mtDNA damage. These findings are also supported by observations that mitochondrial SAM depletion enhances TNF-␣-mediated toxicity (58) .
Although accumulating evidence demonstrates a protective effect of SAM against alcohol-mediated mitochondrial dysfunction and hepatotoxicity, the underlying molecular mechanisms and targets responsible for these benefits are unknown. Herein, we propose that SAM preserves mitochondrial function during chronic alcohol feeding through impacts on the mitochondrial proteome. We tested this hypothesis by feeding rats an ethanol-containing diet Ϯ SAM for 5 wk and examined mitochondrial bioenergetics and the proteome using complementary proteomics techniques to assess alcohol-and SAMdependent changes in mitochondrial proteins.
MATERIALS AND METHODS
Chronic alcohol feeding protocol. Male Sprague-Dawley rats (n ϭ 6 animals per treatment group) were individually housed and maintained under a 12-h light-dark cycle. Nutritionally adequate LieberDeCarli control and ethanol-containing liquid diets (33) were formulated by Bio-Serv (Frenchtown, NJ). The ethanol diet contains 36% of total daily calories as ethanol, 35% as fat, 18% as protein, and 11% as carbohydrate. The control diet is identical except ethanol calories are substituted with dextrin maltose. Control animals were pair fed to ethanol counterparts so that each pair was isocaloric. A second set of animals were pair fed control and ethanol diets supplemented with SAM (0.8 mg active SAM/ml diet). Animals were maintained on these feeding protocols for at least 31 days before experiments. All animal protocols were approved by the institutional animal care and use committee, and animals received humane care in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Publication no. 86-23).
Liver histology and blood alcohol measurements. Formalin-fixed liver tissue was processed for hematoxylin-eosin staining and evaluated for steatosis and inflammatory foci by a pathologist blinded to the experimental design (8) . Blood alcohol levels were measured in serum by an alcohol dehydrogenase-linked spectrophotometric assay (Pointe Scientific, Canton, MI).
HPLC measurements. Standards and samples were analyzed by an HPLC method modified from (17, 29) . SAM and S-adenosylhomocysteine (SAH) standards (Sigma Chemical, St. Louis, MO) and SAM used in feeding studies (Orchid Chemicals and Pharmaceuticals, Tamil Nadu, India) were dissolved in cold 0.5 N perchloric acid and filtered through 0.22 m filters into HPLC vials, and 10 l was injected onto an HPLC system LC-2010CHT HPLC (Shimadzu Scientific Instruments, Columbia, MD). For liver and mitochondrial SAM and SAH measurements, 0.2 g of fresh liver and 44.4 mg/ml of fresh mitochondria were homogenized in 0.5 N perchloric acid, respectively. The acid extracts were cleared of precipitated proteins by centrifugation and HPLC was performed as described. The system was equipped with an autosampler temperature control set to 4°C using a reverse-phase column [Luna C18 (2) , 150 ϫ 4.60 mm, Phenomenex, Torrance, CA] provided with a Phenomenex guard column (ODS, 4 mm length and 3 mm ID). The mobile phase was isocratic, was run at a flow rate of 1.0 ml/min, and contained 50 mM NaClO 4, 0.1 M NaCH 3COO Ϫ , 2.4 mM CH3(CH2)6SO3Na·H2O, and 4.2% (vol/vol) acetonitrile, pH 3.5. As shown in the online supplemental data section, the SAM used for these feeding studies was pure and contained no contaminating levels of SAH.
Liver mitochondria isolation. Mitochondria were isolated by standard differential centrifugation techniques (7) . Mitochondria function was assessed by measuring state 3 and 4 respiration rates and calculating the respiratory control ratio (RCR; ϭ state 3/state 4) using glutamate/malate as substrate. Mitochondrial protein yield was unaffected by ethanol and/or SAM treatments (8) .
2D IEF/SDS-PAGE. Mitochondrial protein (100 g) was added to isoelectric focusing (IEF) gel strip rehydration buffer containing 7 M urea, 2 M thiourea, 2% (wt/vol) CHAPS, 0.5% (wt/vol) n-dodecyl-␤-D-maltoside, 0.002% (wt/vol) bromophenol blue, ampholine electrophoresis reagent (Sigma, St. Louis, MO; range pH 3-10), 0.04 M DTT, and 2 mM tributylphosphine. Following protein extraction, samples were applied to IEF gel strips (Invitrogen ZOOM Strips, pH 3-10, Carlsbad, CA) and rehydration of IEF strips was done overnight. For SDS-PAGE, IEF gel strips were placed horizontally on top of a 10% resolving gel with 4% stacking gel, and sealed into place using warm agarose (1%, wt/vol) and gels were run at 100 V for 1 h. After electrophoresis, gels were stained with Sypro Ruby (Invitrogen, Carlsbad, CA) for total protein. Protein stained gels were imaged via a Bio-Rad Fluor-S Imager (Bio-Rad, Hercules, CA).
2D gel image analyses. Gels were analyzed for differences in protein density by using PDQuest Image Analysis software (Bio-Rad) as described in Refs. 61 and 62. For image analysis of 2D gels, individual protein spots on each gel were identified by the software program and manually verified to generate a match set of gels for control, ethanol, control ϩ SAM-, and ethanol ϩ SAM-treatment gels. The protein spot density was compared across all gels and a reference gel was selected, which served as the master gel image. This reference gel contained the highest abundance of detected protein spots. By use of a built-in algorithm, automatic matching of protein spots in each gel to the corresponding protein spots in the master gel was performed and then manually verified to correct for any proteins that may have been incorrectly matched to proteins in the reference gel. To correct for intergel protein loading differences, the density data for all protein spots in each gel was normalized to the total density in valid protein spots for that particular gel. Statistical analysis was performed as described in Refs. 3 and 61.
2D BN-PAGE. Changes in the levels of OxPhos system proteins were assessed by 2D blue native polyacrylamide gel electrophoresis (BN-PAGE) (2, 61) . In this specialized gel electrophoresis technique, the five OxPhos complexes are first separated intact in the first dimension (i.e., 1D) under nondenaturing (native) conditions. The intact 1D gel "strip" containing all five complexes is then transferred to a denaturing gel to separate the complexes into their individual polypeptides components resulting in a two-dimensional (i.e., 2D) map (see Ref. 2 for a detailed description). OxPhos complexes were extracted from 1 mg of mitochondrial protein using 10% (wt/vol) n-dodecyl-␤-D-maltoside in 0.75 M aminocaproic acid, 50 mM BisTris, pH 7.0. Protein extracts were mixed with 6.3 l 5% (wt/vol) suspension of Coomassie brilliant blue G-250 in 0.5 M aminocaproic acid before they were applied to 5-12% nondenaturing gradient gels. After native gel electrophoresis, the vertical gel lane containing all complexes was cut from the gel and laid on top of a 10% denaturing Tris/Tricine/SDS-PAGE gel to resolve the individual polypeptides of the OxPhos complexes. Gels were stained with Coomassie blue, and images were obtained using Bio-Rad Fluor-S Imager (Bio-Rad). For analysis, the gel images were loaded into Scion Image (Scion, Frederick, MD), the individual protein subunits were "boxed," densitometry was obtained for each individual protein, and average densities were calculated as described in Refs. 8 and 61 .
Protein identification with MALDI-TOF mass spectrometry. Proteins were excised from gels and were processed via standard methods in the University of Alabama at Birmingham (UAB) mass spectrom-etry shared facility (http://www.uab.edu/proteomics). For matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) analysis a focused laser beam is used to "evaporate" peptides from a solid matrix into a gas phase as ions. The resulting ions are injected into a tube, accelerated, and allowed to drift toward the detector. Their time of flight is then measured and is proportional to their molecular weight. Samples were destained with three successive 30-min washes in 50% 50 mM NH 4HCO3/50% acetonitrile solution. Samples were treated with 10 mM DTT in 50 mM NH4HCO3 for 60 min at 60°C to reduce cysteine residues, which was followed by alkylation of free cysteines with 55 mM iodoacetamide in 50 mM NH 4HCO3 for 60 min at room temperature. This was followed by 16-h incubation at 37°C with trypsin (12.5 ng/l, Promega Gold Trypsin) to digest proteins. The resulting peptide solution was extracted by two successive 30-min washes in a 50/50 solution of 5% formic acid and acetonitrile; supernatants were then collected and dried by using a Savant SpeedVac. Dried peptide samples were resuspended in 0.1% formic acid, desalted (C18 ZipTips, Millipore), and diluted 1:10 with a saturated solution of ␣-cyano-4-hydroxycinnamic acid matrix before application to MALDI-TOF target plates. After plating, samples were dried and then analyzed with a Voyager De-Pro mass spectrometer in the positive mode. Spectra were analyzed with Voyager Explorer software, and peptide masses were submitted to the MASCOT database (see www.matrixscience.com) for protein identification.
Gene expression. Total RNA was isolated from liver tissue by using TRIzol (Invitrogen) according to the manufacturer's directions. Reverse transcription of 1 g of total RNA was performed by using RT 2 First Strand Kit (SABiosciences). Real-time PCR was performed by use of an Applied Biosystems 7300 with verified, gene-specific primers purchased from SABiosciences (RT 2 qPCR SYBR greenbased primers). Relative expression changes were determined by normalizing the relative amount of gene-specific mRNA C T to the Gapdh (housekeeping gene) CT using the comparative cycle threshold (⌬⌬CT) method. The following rat-specific RT 2 quantitative PCR primer assays were used: heat shock 70-kDa protein 5 (Hspa5, PPR45224A), dimethylglycine dehydrogenase (Dmgdh, PPR43174A), hydroxylacyl-CoA dehydrogenase (Hadh, PPR53155A), ATP synthase subunit d (ATP5h, PPR42259A), and NADH dehydrogenase 1 ␣ subcomplex 8 (Ndufa8, PPR42413A).
Statistical analysis. Two-way ANOVA was performed with KaleidaGraph software version 4.0 (Synergy Software, Reading, PA). Student's t-tests were performed with Microsoft Excel statistical analysis, with statistical significance set at P Ͻ 0.05. The MannWhitney rank sum test was used for pathology analyses. Blood alcohol levels, body weights, liver weights, and histopathology were determined with n ϭ 6 animals per treatment group. Six animals per group were used for two-dimensional isoelectric focusing/SDS-PAGE (2D IEF/SDS-PAGE) proteomics, gene expression experiments, and measurement of SAM and SAH levels. Four animals per group were used for BN-PAGE proteomics. Proteins identified from 2D IEF SDS-PAGE gels were classified according to the Universal Protein Resource website, www.uniprot.org, which is maintained by the UniProt Consortium (European Bioinformatics Institute, Swiss Institute of Bioinformatics and Protein Information Resource).
RESULTS
Effect of ethanol and SAM histopathology. Addition of SAM to the ethanol-containing diet had no effect on diet consumption (data not shown) or blood alcohol concentrations (ethanol, 149 Ϯ 28 and ethanol ϩ SAM, 150 Ϯ 25 mg/dl, P ϭ 0.98). Similarly, there was no difference in body weight among the four groups at the end of the feeding protocol (control, 313 Ϯ 8; ethanol, 304 Ϯ 9; control ϩ SAM, 311 Ϯ 7; ethanol ϩ SAM, 316 Ϯ 7 g, P ϭ 0.73). Ethanol consumption resulted in mild to moderate fat accumulation with ϳ20% of hepatocytes being steatotic. In comparison, there was a modest, but not statistically significant, decrease in steatosis in the ethanol ϩ SAM group with only 10 -12% of hepatocytes containing fat (P ϭ 0.21) (Fig. 1) . Liver weights were elevated in ethanol groups with SAM treatment having no effect (control, 10.4 Ϯ 0.6; ethanol, 12.4 Ϯ 0.7; control ϩ SAM, 9.7 Ϯ 0.5; ethanol ϩ SAM, 12.5 Ϯ 0.5 g, P Ͻ 0.001, ethanol effect). Ethanol induced an inflammatory response with 5 of 12 ethanol livers exhibiting at least 1 inflammatory foci per ϫ10 objective whereas inflammation was absent in all livers in the ethanol ϩ SAM group (P ϭ 0.016).
Effect of ethanol and SAM on levels of tissue and mitochondrial SAM and SAH. As shown in Table 1 , ethanol feeding alone decreased SAM, increased SAH, and decreased the SAM/SAH ratio in liver tissue. Importantly, SAM supplementation prevented the ethanol-dependent decrease in liver SAM (ethanol vs. ethanol ϩ SAM, P ϭ 0.036, t-test), which confirms our previous results (8) . SAM supplementation had no effect to normalize liver SAH levels and the SAM/SAH ratio. In contrast to liver measurements, mitochondrial levels of SAM were significantly elevated by chronic ethanol consumption. There was a significant effect of SAM supplementation to increase mitochondrial SAM, SAH, and the SAM/SAH ratio in both control and ethanol-fed groups.
Effect of ethanol and SAM on mitochondrial respiration. Chronic alcohol consumption significantly decreased state 3 respiration (ADP-dependent) and the RCR compared with controls (Table 2 ). In contrast, state 3 respiration and the RCR were preserved in the ethanol ϩ SAM group and did not differ significantly from corresponding controls.
Effect of ethanol and SAM on the mitochondrial proteome. Representative 2D IEF/SDS-PAGE gels from each treatment group are shown in Fig. 2A . Densitometry revealed that there were no significant changes in total (i.e., global) mitochondrial protein content across the four treatment groups indicating equal loading and high reproducibility of gels (Fig. 2B ). This result is important because although changes in individual proteins were observed and will be discussed, a lack of change in total protein density among groups demonstrates that there is no massive alteration in global mitochondrial protein content or protein pattern due to ethanol, SAM, or both. It should also be emphasized that mitochondrial preparations used for these proteomic studies were functionally validated, i.e., had high respiratory capacity and were coupled even in the ethanol groups (Table 2 ), which as suggested by Ping and colleagues (66) is an absolute criteria for valid proteomic analyses of mitochondria.
Of the 150 -175 proteins detected, 76 proteins were found in common across all gels from the four treatment groups. A master map of these 76 proteins is provided in the supplemental data provided online. Of these 76 proteins, 30 were found to be significantly altered in abundance in response to ethanol, SAM, or both. A master map of these specific 30 proteins is provided in Fig. 3 with a listing of their unique proteins IDs and statistical analysis results provided in Table 3 . Moreover, the bar graphs in Fig. 4 illustrate the abundances (i.e., densities) for each of the 30 proteins shown in Fig. 3 that were significantly changed by ethanol, SAM, or both. To simplify presentation and discussion, we have loosely grouped these 30 proteins into the following broad functional groups in Fig. 4: 
1) chaperones in A; 2) fatty acid metabolism enzymes in B;
3) oxidoreductases in C; and 4) miscellaneous proteins in D. Note that the numerical labels used on the x-axis to identify the proteins in the bar graphs (Fig. 4) correspond to the protein ID numbers used in Fig. 3 (master map) and Table 3 . Thus for the following sections please refer to Fig. 3 , Fig. 4 , and Table 3 for proteins ID numbers studied by 2D IEF/SDS-PAGE. In contrast, the OxPhos proteins identified by BN-PAGE are referenced within Fig. 6 and Table 4 . A brief overview of the results from the proteomics analyses are provided in RESULTS. The potential physiological or functional significance of ethanoland SAM-mediated alterations for select proteins are presented separately in the DISCUSSION. Chaperone proteins from 2D IEF gels. Figure 4A shows ethanol-and SAM-dependent alterations in those proteins classified as having chaperone functions. These include protein disulfide isomerase/thyroid hormone (T3) binding protein Data are represented as means Ϯ SE for n ϭ 5 animals per treatment group. *Liver concentrations of S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) are expressed as nmol · liver Ϫ1 · g body wt Ϫ1 (8) . †, §Results from 2-factor ANOVA with ethanol effect (control vs. ethanol), SAM effect (absent vs. present), and interaction (Ethanol ϫ SAM). †Liver values and §mitochondria values. ‡Mitochondrial concentrations of SAM and SAH are expressed as nmol/mg protein. . †Respiratory control ratio (RCR) ϭ state 3 respiration/state 4 respiration. ‡Results from 2-factor ANOVA with ethanol effect (control vs. ethanol), SAM effect (absent vs. present), and interaction (ethanol ϫ SAM).
(PDI/T3BP, no. 2), Hspd1 protein (no. 3), heat shock 70-kDa protein 5 (GRP78, no. 4), prohibitin (no. 5), protein disulfide isomerase A3 (PDIA3, no. 7), and mitochondrial stress protein 70 (GRP75, no. 8). Chronic alcohol consumption decreased the levels of PDI/T3BP, Hspd1, and GRP78, whereas prohibitin and PDIA3 were increased by ethanol. Coadministration of SAM prevented the alcohol-dependent decrease in GRP78, Hspd1, and PDI/T3BP.
Fatty acid metabolism protein from 2D IEF gels. As illustrated in Fig. 4B , there are differential changes in fatty acid metabolism proteins in response to ethanol and SAM. The proteins identified as being altered are long-chain acetyl CoA dehydrogenase (LCAD, no. 16), the enoyl-CoA hydratase and hexadienoyl-CoA complex (nos. 18 and 19), electron transfer flavoprotein ␤ subunit (ETF␤, no. 24), L-3-hydroxyacyl CoA dehydrogenase (LCHAD, no. 28), and the Hadh protein (no. 30). Long-chain L-3-hydroxyacyl CoA dehydrogenase (LCHAD, no. 28), which catalyzes the third step in ␤-oxidation by converting L-3-hydroxyacyl CoA to 3-ketoacyl CoA (50), was decreased in the ethanol group. Similarly, we observed an ethanol-dependent decrease in the trifunctional protein (Hadh, no. 30) that catalyzes the concerted hydratase, dehydrogenase, and thiolase steps of ␤-oxidation.
Miscellaneous oxidoreductase proteins from 2D IEF gels. The ability of ethanol and SAM to modulate key mitochondrial pathways is further supported by effects on the following diverse group of proteins classified as having oxidoreductase (i.e., dehydrogenase) activities (Fig. 4C ). These proteins include pyruvate dehydrogenase (PDH) E1 subunit beta (no. 6), mitochondrial aldehyde dehydrogenase (ALDH, no. 9), sarcosine dehydrogenase (SARDH, no. 11), 3-hydroxyisobutyrate dehydrogenase (HIBDH, no. 12), isovaleryl CoA dehydrogenase (IVDH, no. 14), dimethylgylcine dehydrogenase (DMGDH, no. 17), dihydrolipoamide dehydrogenase (no. 22), ALDH 6a1 (no. 27), and choline dehydrogenase (CDH, no. 29) (Fig. 4C) . The PDH complex catalyzes the conversion of pyruvate to acetyl CoA and CO 2 . Proteomic analyses reveal that the PDH E1 beta subunit is increased by SAM treatment under both control and ethanol conditions. This may have the effect of enhancing the supply of acetyl CoA for the TCA cycle, thereby enhancing energy metab- Fig. 2 . Representative 2D gel images of liver mitochondrial proteins. A: mitochondrial protein from livers of control, ethanol, control ϩ SAM-, and ethanol ϩ SAMtreated groups were separated by use of pH 3-10 isoelectric focusing (IEF) gel strips and 10% SDS-PAGE gels. B demonstrates that there were no significant differences in total protein density on gels prepared from the 4 treatment groups. Data represent the means Ϯ SE, n ϭ 6 animals per each group. 2-factor ANOVA; ethanol P ϭ 0.44, SAM P ϭ 0.96, and interaction (ethanol ϫ SAM) P ϭ 0.75. olism, which supports data showing increased mitochondrial respiration in the SAM groups (Table 2 ). In addition, we observed ethanol-and SAM-dependent effects on enzymes that link methionine, choline, and glycine metabolism. There was an ethanoldependent increase in DMGDH protein (no. 17), which was normalized by SAM treatment. Coupled to this, we found a SAM-dependent increase in CDH (no. 29) whereas SAM treatment significantly decreased SARDH (no. 11) in both control and ethanol groups (Fig. 4C ). Ethanol and SAM also had differential effects on enzymes involved in the oxidation of the branch chain amino acids (BCAA) valine and leucine. Ethanol consumption increased HIBDH (no. 12, valine catabolism) and decreased IVDH (no. 14, leucine catabolism), with SAM normalizing IVDH levels in liver mitochondria. The effect of SAM to normalize IVDH levels in ethanol-fed rats is significant since studies show that diets supplemented with BCAA are protective against alcoholic liver diseases (14) . Other ethanol-and SAM-dependent effects were found in pathways of amino acid metabolism. We found an ethanol-dependent increase in the protein agmatinase (no. 13) that was normalized by SAM treatment.
Within this broad grouping of enzymes, we observed a SAM-dependent increase in the classic mitochondrial aldehyde dehydrogenase 2 (ALDH2, no. 9) and an ethanol-dependent decrease in ALDH6a1 (no. 27), the only CoA-dependent ALDH (1). The SAM-dependent increase in ALDH2 protein is predicted to be of benefit through increased acetaldehyde detoxification since ALDH2 overexpression inhibits chronic alcohol-induced apoptosis (24) . Therefore, the hepatoprotective effects of SAM may extend beyond methionine and lipid metabolism but may include important impacts on liver amino acid and aldehyde metabolism.
Other diverse mitochondrial proteins from 2D IEF gels. Figure 4D shows those remaining proteins that are altered by ethanol, SAM, or both. First, there was an alcohol-dependent increase in the antioxidant enzyme catalase (no. 23), which verifies previous in vivo and in vitro studies of alcohol exposure (9, 13). Although catalase activity in mitochondrial preparations has largely been assumed to be due to peroxisome contamination, recent reports indicate that catalase is present within rat liver mitochondria (26, 52) . Relevant to this present study is that SAM significantly downregulates catalase protein.
The SAM-mediated suppression of catalase suggests that the ethanol-dependent increase in this antioxidant enzyme may reflect an adaptive response to oxidative stress, which SAM blunts. Differential effects were observed in levels of the mitochondrial protein thiosulfate sulfurtransferase (TSST), a.k.a. rhodanese, with two separate protein "spots" identified as this protein (nos. 21 and 25). Of note, we observed that ethanol and SAM treatment caused a shift in the levels of the two detected TSST isoforms, e.g., TSST protein no. 21 was decreased whereas TSST protein no. 25 was significantly increased by SAM treatment (Figs. 3 and 4D and Table 3 ). Finally, we observed SAM-dependent decreases in two mitochondrial carboxylase enzymes: propionyl CoA carboxylase (no. 10) and pyruvate carboxylase (no. 15) (Fig. 4D) .
OxPhos system proteins identified by BN-PAGE. Analysis of OxPhos system proteins using 2D IEF/SDS-PAGE is hampered because many of the inner membrane proteins precipitate at the basic end of the IEF gel and therefore are poorly resolved (6) . This is notable because only five OxPhos proteins were identified on 2D IEF/SDS-PAGE gels (see supplemental data, Table 1 ). To address this problem, BN-PAGE was used for analyses of the OxPhos system subproteome (57). Representative 2D BN-PAGE gels for each group are presented in Fig. 5A . On visual inspection it is apparent there is a decrease in OxPhos proteins in the ethanol gel (Fig. 5A , top right) compared with control (top left). Densitometry analysis of those proteins comprising intact complexes I, III, IV, and V showed a significant decrease in the content of OxPhos complexes in response to ethanol (Fig. 5B) . Note that proteins "associated" with each complex, but not actual components of the complex, are also detected in these gels; however, these proteins were excluded from densitometry analysis. Important to this present study is the observation that the ethanol-dependent decrease in OxPhos complexes is partly attenuated by SAM cotreatment (Fig. 5A , compare bottom panels). There was a statistically significant increase in complex I protein in the ethanol ϩ SAM group compared with ethanol (Fig. 5B) . We also observed a statistically significant interaction for complex I and a significant effect of SAM for complex III (Fig. 5B ). There were also numerical increases in complex IV and V content in the ethanol ϩ SAM compared with ethanol alone that missed statistical significance.
To extend these investigations, we further examined these 2D BN-PAGE maps to identify changes in individual complex polypeptides. Of the 70ϩ proteins we routinely detect and can identify on 2D BN-PAGE gels (2), we were able to match 33 proteins in common across all gels from the four treatment groups. A master map of these proteins (Fig. 6A , circled proteins) and their IDs (Table 4) are provided. Moreover, the bar graphs in Fig. 6 , B-E illustrate the abundances (i.e., densities) for each of the 33 identified proteins. Of these proteins, 19 were found to be significantly altered in abundance in response to ethanol, SAM, or both. A listing of the statistical analysis results and P values for these proteins is provided in Table 4 . The protein ID numbers used in the following sections refer to proteins referenced in Fig. 6 and Table 4 . Fig. 2 revealed 30 proteins differentially altered in abundance in response to ethanol and SAM treatment alone or in combination (circled proteins). The mass spectrometry identification and statistical analyses for these proteins is presented in Table 3 . Please note that a separate and different numbering system is used for the global proteome map and table provided in the supplemental data section.
NADH dehydrogenase: complex I proteins. Electrons from NADH enter the respiratory chain via complex I. Reducing equivalents from NADH oxidation are transferred to a flavin mononucleotide (FMN) and are passed through a series of iron-sulfur (Fe-S) centers, reducing ubiquinone to ubiquinol; an electron donor for complex III. Every electron pair transferred through complex I is coupled to the "pumping" of four H ϩ s from the matrix to cytosolic side of the inner membrane. Figure 6B shows ethanol-and SAM-dependent alterations in those proteins classified in complex I. Of the nine complex I proteins identified, all were nuclear encoded with seven affected by ethanol, SAM, or both. These included three Fe-S center proteins (human genes: Ndufs1, 2, and 6), two flavincontaining proteins (human genes: Ndufv1 and 2), and four other proteins (human genes: Ndufa8, 10, and 12 and Ndufb4). In general, the ethanol-dependent decrease in the Fe-S center proteins (nos. 1, 3, and 9) was prevented by SAM coadministration, suggesting preservation of the electron-transferring capacity. Similar trends were observed for the flavin-containing proteins (nos. 2 and 5). Two proteins with less defined functions were also decreased by ethanol treatment, subcomplex 8 (no. 6) and 12 (no. 7) (human genes: Ndufa8 and 12) and preserved by SAM.
Cytochrome bc 1 complex: complex III proteins. This complex functions by transferring electrons from ubiquinol to cytochrome c, which is linked to the translocation of four H ϩ s from the matrix to the intermembrane space. Figure 6D shows alcohol-and SAM-associated changes in complex III proteins. Although 7 subunits were detected with most showing a numerical decrease in response to ethanol, only subunits 7 (no. 22) and 8 (no. 23) were statistically altered by treatments. These findings are important because these subunits, along with cytochrome b, form the central core of the enzyme, with subunit 7 responsible for formation and/or stabilization of this key subcomplex (65) . Therefore it is possible that the partial preservation of complex III in the ethanol ϩ SAM group is related to maintenance of the central core subunits.
Cytochrome c oxidase: complex IV proteins. The mammalian cytochrome c oxidase complex is the terminal enzyme of the respiratory chain and functions by transferring electrons from cytochrome c to molecular oxygen while pumping H ϩ s across the inner membrane. Of the five complex IV proteins Mitochondrial proteins listed above were matched on all gels from the control (C), ethanol (E), control ϩ SAM (SAM), and ethanol ϩ SAM (E ϩ SAM) groups. IEF, isoelectric focusing. *Spot no. is the same as those used to identify circled proteins in Fig. 3 . †2-factor ANOVA P value. ‡Student's t-test P value. MOWSE scores and Accession numbers are listed in table provided in supplemental data online.
positively identified (Fig. 6E ), all were decreased by ethanol consumption and include the mitochondrial encoded subunit II (no. 27) along with the nuclear encoded subunits of IV1 (no. 29), Va (no. 30), V1a (no. 31), and VIb (no. 32). Two unidentified proteins (Fig. 6E , nos. 28 and 33) speculated to be subunits III and VIII, respectively, were also decreased by chronic ethanol treatment. Importantly, SAM treatment prevented the loss of subunits II (no. 27) and IV1 (no. 29).
ATP synthase: complex V proteins. The ATP synthase uses the energy of the electrochemical gradient stored across the inner membrane to synthesize ATP from ADP and P i . Figure  6C shows the effect of ethanol and SAM treatment on complex V proteins. Of the five complex V proteins identified, all were nuclear encoded with two proteins showing a decrease in abundance in response to ethanol and one protein showing a SAM-mediated increase. Proteins decreased by chronic alcohol consumption were the d (no. 13) and g (no. 15) subunits of the F 0 membrane portion of the enzyme. The gamma chain (no. 11) was elevated by SAM treatment.
Effect of ethanol and SAM on select gene transcripts. To determine whether the effects of ethanol and SAM on proteins abundances correlated to alterations in gene transcripts, RT-PCR analysis was performed for a small subset of select genes whose proteins showed alterations in abundance from proteomic analyses. As shown in Table 5 , the mRNA level of the chaperone Hspa5 was unaffected by ethanol, SAM, or both. The mRNA level of Dmgdh was increased by ethanol (control vs. ethanol, P ϭ 0.015, t-test). Also, there was a significant effect of SAM on Hadh levels (control vs. control ϩ SAM, P ϭ 0.05, t-test). There was a statistically significant interaction of ethanol and SAM on mRNA levels of the ATP synthase subunit d (Atp5h), with SAM treatment attenuating an ethanoldependent increase in Atp5h levels (ethanol vs. ethanol ϩ SAM, P ϭ 0.013, t-test). The mRNA level of the NADH dehydrogenase 1 ␣ subcomplex 8 (Ndufa8) was unaffected by ethanol, SAM, or both.
DISCUSSION
Mitochondrial dysfunction contributes, in part, to the initiation and progression of alcohol-induced liver injury as a failure to maintain hepatic ATP levels renders hepatocytes unable to support requisite adaptive repair mechanisms (5) . Confirming previous studies (8), we observed that SAM treatment preserves mitochondrial respiratory capacity during chronic ethanol consumption. SAM administration alone increased respiratory rates in both control and ethanol groups over those observed in the non-SAM-treated groups (Table 2) . Although the reason for this SAM-mediated effect is currently not known, it is likely that SAM supplementation enhances hepatocyte methylation-dependent reactions needed for proper mitochondrial maintenance (15) . Indeed, the proteomic analyses performed in this study begin to shed light on these possible mechanisms and demonstrate a complex interaction of ethanol and SAM at the level of the mitochondrial proteome.
Studies have shown that chronic ethanol feeding impairs methionine metabolism resulting in decreased SAM/SAH ratio, which dysregulates methyltransferase reactions, polyamine synthesis, and transsulfuration (38) . Consistent with this, we observed these chronic alcohol-mediated changes in SAM and SAH in liver. However, what is less well studied is the specific effect of chronic alcohol consumption on SAM and SAH in the mitochondrial compartment. Recent work showed decreased mitochondrial SAM in response to alcohol feeding with no change in SAH (22, 58) . The mechanism for this decrease is not clear because mitochondrial SAM transport was unaltered Fig. 4 . Quantification of mitochondrial proteins differentially altered by ethanol and SAM. This series of bar graphs illustrates the change in abundance (increase or decrease) of mitochondrial proteins found to be altered by ethanol, SAM, or both. The numbers below each set of bars correspond to the protein spot number given in Table 3 and the master map shown in Fig. 3 . For ease in graphical presentation, proteins were separated into 4 broad functional classifications: proteins associated with chaperone functions (A), fatty acid metabolism proteins (B), oxidoreductase (dehydrogenase) proteins of key metabolism pathways (C), and miscellaneous ligases, transferases, and other proteins (D). Statistical analysis was performed as stated in MATERIALS AND METHODS, and P values are listed in Table  3 . Data represent means Ϯ SE, n ϭ 6 animals per group.
by chronic alcohol (22) . As in these previous reports, we observed no change in mitochondrial SAH in response to chronic alcohol. Nevertheless, we observed an alcohol-dependent increase in mitochondrial SAM that was further elevated by dietary SAM. Although elevated mitochondrial SAM was not unexpected in groups receiving extra dietary SAM, the increase in mitochondrial SAM by ethanol alone was unanticipated based on prior reports. Dissimilarities in results among studies may be related to multiple factors including differences in experimental design, species (e.g., rat vs. mouse), alcohol feeding duration, ethanol concentration and amount consumed, and preparation of mitochondria. However, similar to what has been shown in the literature for GSH, mitochondrial SAM depletion may not be an unwavering, constant characteristic of chronic alcohol exposure. Indeed, multiple papers report alcohol-dependent increases in liver mitochondrial GSH (8, 18, 36, 55) . With this in mind, it is proposed that the observed increase in mitochondrial SAM may be an adaptive response within the hepatocyte to counteract alcohol-mediated stress and preserve the mitochondrial pool of SAM, which like GSH could be a critical factor for cell viability (37) . Conservation of mitochondrial SAM may also contribute, in part, to depletion in total cellular SAM by alcohol. Notably, the impact of ethanol on methionine metabolism might also be quite dynamic. Thus time course studies are required to precisely document alcoholmediated alterations in SAM and SAH during both early and late alcohol exposures. These studies could be patterned after those of Nagy and colleagues (51) illustrating the dynamic Oxidative phosphorylation and associated proteins listed above were matched on all 2D blue native gel electrophoresis (BN-PAGE) gels from the control, ethanol, control ϩ SAM, and ethanol ϩ SAM groups. *Spot no. is the same as those used to identify protein spots in Fig. 6 . †Two-factor ANOVA P value.
‡Student's t-test P value. §Unable to identify probable cytochrome c oxidase subunits. Note that not all proteins listed in this table were altered in abundance by ethanol, SAM, or in combination but are included for protein identification. Molecular weight search (MOWSE) scores and accession numbers are listed in the table provided in supplemental data online.
nature of cytokine responses during 1 day to 5 wk of ethanol exposure. Although proteomics can be criticized for being intrinsically descriptive, we propose that proteomics is ideal for understanding SAM hepatoprotection at the level of the mitochondrion for several reasons. First, data presented herein support a central role of the mitochondrion in alcohol hepatotoxicity and SAM protection. Second, the mitochondrial proteome is well defined with the functions and amino acid sequences of the majority of mitochondrial proteins known. Third, specialized proteomic methods such as BN-PAGE allow for the identification of defects in assembly of multiprotein complexes in mitochondria and improve resolution of inner membrane proteins that cannot be analyzed by 2D IEF proteomics (6) . Fourth, alterations in gene expression may not always result in the same change at the protein level. This might be especially true for mitochondrial proteins as chronic alcohol consumption negatively impacts protein turnover (20) and assembly of OxPhos complexes (61) . For example, the chaperone protein GRP78 (gene: Hspa5) and NADH dehydrogenase 1 ␣ subcomplex 8 (gene: Ndufa8) showed significant alcohol-dependent decreases in protein abundance (Tables 3 and 4 ) but no effect on gene expression (Table 5) , whereas alcohol-dependent changes in gene expression were mirrored at the proteome level for DMGDH (Table  3) . These disparities in results are important to note and strengthen the notion that gene expression results should not be used solely to predict protein abundance in the mitochondrial proteome or functional outcomes on metabolic pathways especially as ethanol and SAM are likely to alter posttranslational mechanisms affecting protein stability, turnover, modification, import, and complex assembly. Thus a comprehensive proteomics approach is a superior method to identify and characterize specific molecular targets and pathways through which metabolic stressors such as chronic alcohol consumption lead to hepatotoxicity and, more importantly, how therapeutics such as SAM provide benefit against mitochondrial dysfunction and liver disease from toxicant exposures.
In this study, we show novel effects of ethanol and SAM on chaperone proteins. GRP78, a member of the Hsp70 family, is involved in protein folding within the endoplasmic reticulum (ER) (46) ; however, it is also localized to the mitochondrial matrix and cytosol (12, 53) . The alcohol-mediated decrease in GRP78 may explain the susceptibility of mitochondrial proteins to oxidative modification and inactivation. For example, oxidative modification to protein thiols is linked to protein inactivation following chronic alcohol (43, 62) including an alcohol-dependent cysteine modification in GRP78 that might be linked to inactivation of the protein (62) . Of note, GRP78 overexpression inhibits ER-stress-induced SREBP-1c activation and decreases hepatic fat accumulation (28) . On this basis, decreased GRP78 may contribute, in part, to the development of alcohol-dependent steatosis. Importantly, we observed that SAM prevents alcohol-dependent decreases in several chaperone proteins including GRP78, Hspd1, and PDI/T3BP while lessening alcohol-dependent steatosis. It is proposed that the SAM-mediated maintenance of these highly conserved chaperone proteins contributes to the partial preservation of mitochondrial function and reduction of steatosis in animals exposed to ethanol and SAM. Future studies are planned to investigate the SAM-dependent mechanism responsible for chaperone maintenance under conditions of alcohol-dependent metabolic and oxidative stress.
Recent proteomic data show that a betaine-supplemented ethanol diet preserves functionality of several key cytosolic enzymes of methionine metabolism including betaine homocysteine methyltransferase (BHMT) and methionine adenosyltransferase (30) . Data presented herein also shows ethanol-and SAM-dependent alterations in the levels of mitochondrial proteins interconnected with methionine metabolism via choline and glycine metabolism; CDH, DMGDH, and SARDH. Choline is an essential nutrient that serves as a precursor in the synthesis of membrane and lipoprotein phospholipids and the neurotransmitter acetylcholine. It is also a key carbon donor for remethylation of homocysteine to methionine. Glycine plays a key role in collagen and glutathione synthesis. Briefly, choline is metabolized to betaine through two sequential reactions catalyzed by CDH and betaine ALDH. Betaine, in turn, functions as a methyl donor to remethylate homocysteine to methionine via the action of BHMT with production of dimethylglycine (DMG). DMGDH is a mitochondrial matrix enzyme that catalyzes the demethylation of DMG to sarcosine, which, in turn, is demethylated to glycine by SARDH. We observed an alcohol-dependent increase in DMGDH protein, which was normalized by SAM treatment (Fig. 4C, protein no. 17) . The ability of SAM to prevent the ethanol-mediated increase in DMGDH is important; a recent study demonstrated that reduction of DMGDH by use of shRNA suppressed hypoxic cell death in cardiomyocytes (49) . This finding suggests that DMGDH deserves additional attention as a possible risk factor for alcoholic liver disease. Moreover, we observed a SAMdependent increase in CDH (Fig. 4C, protein no. 29) . A SAM-dependent increase in CDH may have the desired consequence of increased betaine formation needed for remethylation of homocysteine to methionine, thereby blunting the toxicity of homocysteine to induce ER stress (25) . Data from this study and others (30, 54) show that SAM or betaine treatments have the ability to attenuate many of the damaging effects of ethanol on the liver through modulation of key enzymes involved in methionine metabolism.
TSST, a highly abundant mitochondrial protein, is responsible for the detoxification of cyanide to thiocyanate with thiosulfate as the sulfur donor. However, the biological role of TSST has recently expanded to include sulfane sulfur transfer Fig. 6 . BN-PAGE master map of oxidative phosphorylation system proteins. A: BN-PAGE master protein map of the oxidative phosphorylation (OxPhos) proteins that were found in common in all gels across the 4 treatment groups. The circled proteins and adjacent number labels correspond to those proteins listed in Table 4 . B: relative abundances of those proteins (1-9) present in the first lane (I), which corresponds to complex I and associated proteins. C: relative abundances of those proteins (10 -15) present in the second lane (V), which corresponds to complex V and associated proteins. D: relative abundances of those proteins (16 -24) present in the third lane (III), which corresponds to complex III and associated proteins. E shows the relative abundances of those proteins (25) (26) (27) (28) (29) (30) (31) (32) (33) present in the fourth lane (IV), which corresponds to complex IV and associated proteins. Numbers listed under each correspond to circled proteins located on the master map (A) and in Table 4 . Data represent the means Ϯ SE, n ϭ 4 animals per group. The mass spectrometry identification and statistical analyses for these proteins are presented in Table 4 . Note that not all OxPhos proteins were identified by this "miniaturized" high-throughput version of BN-PAGE gel electrophoresis.
to other thiol groups, leading to persulfide group formation within protein and enzymes, thus representing a new posttranslational modification for protein thiols (45) . In this present study, we observed that ethanol and SAM treatment caused a shift in the levels of the two detected TSST isoforms, e.g., TSST protein no. 21 was decreased whereas TSST protein no. 25 was significantly increased by SAM treatment (Figs. 3 and  4D ). We propose that this shift in protein isoform levels might be due to an alteration in phosphorylation status such that the observed increase in the amount of the more basic, dephosphorylated isoform (protein no. 25) reflects conversion to active enzyme with a concomitant loss in the acidic, phosphorylated isoform (protein no. 21), which represents inactive TSST (34) . Although the significance of ethanol and SAM to increase TSST expression and activity is currently not known, a recent study showed a biological interaction between the thiol-containing antioxidant lipoic acid (LA) and TSST, specifically that LA administration increased TSST activity in multiple tissues including liver with concomitant decrease in tissue markers of oxidative stress (11) . Taken together, these results are intriguing and predict that future investigations focused on increased understanding of the impacts and interactions of sulfur-containing compounds such as SAM on sulfur metabolism in liver may lead to improved benefit of patients suffering from alcoholic liver disease.
In addition to ethanol-and SAM-dependent alterations in matrix proteins, several novel changes were observed in OxPhos proteins. For example, complex I, subcomplex 12 (a.k.a. B17.2) is thought to play a key chaperone-like role in complex I assembly (31, 60) . Therefore, the ethanol-mediated decrease in these nuclear encoded subcomplexes may explain, in part, the overall decrease in total complex I protein in response to chronic ethanol exposure. Previously, we have shown that chronic alcohol also decreases cytochrome c oxidase activity and levels of the three mitochondrial encoded subunits (I, II, and III) that comprise the catalytic core (61) . Emerging evidence shows similar alterations in some of the remaining ten nuclear encoded subunits (61) . These subunits are thought to function in assembly, modulation of activity, and possible protection against oxidative damage in mitochondria (10) . In the present study, we observed that SAM preserved levels of both mitochondrial and nuclear-encoded subunits of complex IV, thereby providing a molecular mechanism to explain the ability of SAM to preserve mitochondrial respiratory function.
For the first time, chronic ethanol was found to decrease levels of two nuclear-encoded ATP synthase subunits: d and g.
The hydrophilic d subunit is essential for activity through direct interactions with the other subunits oligomycin-sensitivity conferring protein, b, and F 6 , of the peripheral stalk or "stator" of the complex (19) . Decreased content of subunit d is predicted to contribute to an alcohol-mediated decrease in complex V activity based on functional studies by Cunningham and colleagues (42) . Moreover, subunits g and e are small membrane-spanning hydrophobic F 0 proteins typically referred to as the "dimer-specific" subunits functioning to stabilize supramolecular organization of ATP synthase into oligomeric structures within the inner membrane (19) . Emerging data suggest that subunits g and e serve a structural function helping to model the curvatures needed to form cristae within the inner membrane (47) . We propose that an alcohol-dependent decrease in subunit g may contribute, in part, to the loss of cristae and formation of megamitochondria, hallmark features of alcohol hepatotoxicity (4) .
Accruing evidence supports the concept of "supramolecular" organization of complexes I, III, and IV within mammalian mitochondria, forming discrete functional units (63) . Indeed, recent studies show the architecture of two separate "supercomplexes" in bovine mitochondria with stoichiometries of I 1 III 2 and I 1 III 2 IV 1 (56) . Taking this into account, it is likely that the presence of complex IV, subunit IV outside its expected location on the 2D BN-PAGE map (Fig. 6A , complex IV lane, protein no. 29) with it crossing though the lanes of complex I, V, and III likely represents its association with complexes I and III within a supercomplex. This is supported by the observation that complex IV, subunit IV was 1 of 20 proteins identified as being part of an integrated supercomplex (56) . Although preliminary, this observation highlights the importance of investigating these recently characterized higher order supercomplex structures of the respiratory chain and the potential role their disruption might contribute to pathologies with known mitochondrial defects such as alcoholic liver disease. Future studies are planned to examine whether supercomplex formation is disrupted in alcoholic mitochondria.
Previous to this present study, a limited number of liver proteins had been identified whose abundances were altered in response to chronic alcohol consumption. Using complementary proteomics approaches, we have expanded this growing database of proteins. This is the first comprehensive analysis of the liver mitochondrial proteome studied under conditions of ethanol exposure in combination with a promising hepatoprotective agent, SAM. Identification of these altered proteins provides critical insight into the mechanisms responsible for All transcript values are normalized to GAPDH transcripts and data are expressed as means Ϯ SE for 6 pairs per group (21) . Hspa5, heat shock 70 kDa protein 5 (a.k.a., GRP78); Dmgdh, dimethylglycine dehydrognase; Hadh, hydroxylacyl-CoA dehydrogenase (a.k.a., trifunctional protein); Atp5 h, ATP synthase, H ϩ transporting, mitochondrial F0 complex, subunit d; Ndufa8, NADH dehydrogenase 1 ␣ subcomplex 8. *Results from 2-factor ANOVA with ethanol effect (control vs. ethanol), SAM effect (absent vs. present), and interaction (Ethanol ϫ SAM).
alcoholic mitochondrial dysfunction and reveals multiple new molecular targets that can be exploited for therapeutic investigations. Specifically, we show for the first time that ethanol and SAM have profound interactions on chaperone proteins, as well as methionine, choline, and glycine metabolism enzymes. We report novel observations of ethanol and SAM on pathways of persulfide and sulfane sulfur metabolism and have identified novel ethanol-mediated changes in several OxPhos system proteins, e.g., ATP synthase subunit g. These latter findings provide much needed insight into the precise molecular nature through which ethanol, SAM alone, or both modulate mitochondrial function and structure. Future studies aimed at isolating and characterizing the supramolecular complexes of the OxPhos system are needed to advance the concept that disrupted and/or misassembled supercomplexes contribute to disease pathogenesis in the alcoholic liver. Similarly, increased understanding of how SAM and other methionine metabolites regulate mitochondrial function in both normal and diseased states is required to advance our understanding of how SAM and related drugs can be used to safely and successfully treat individuals suffering with chronic liver diseases. In conclusion, this study demonstrates that a systems biology approach utilizing complementary proteomics technologies is a valuable tool that can be used to enhance ongoing mitochondrial studies aimed at elucidating the molecular events and pathways altered in complex, multifactor diseases such as alcoholic liver disease.
